An idealized numerical simulation of the tropical Atlantic Ocean is used to study the dynamics of an Atlantic subsurface countercurrent, the South Equatorial Undercurrent (SEUC). The particular structure of the SEUC between 28Њ and 10ЊW allows for a reformulation of the transformed Eulerian mean (TEM) equations with which the momentum balance of the SEUC can be explored. With this modified TEM framework, it is shown that between 28Њ and 10ЊW the SEUC is maintained against dissipation by the convergence of the Eliassen-Palm flux. The source of this Eliassen-Palm flux is the tropical instability waves that are generated along the shear between the Equatorial Undercurrent and the South Equatorial Current.
Introduction
The Atlantic and Pacific Oceans both feature two narrow subsurface countercurrents that flow eastward several degrees poleward of either side of the equator. As they cross the basin, their core rises across isopycnals and shifts poleward. Stroup (1954) already noted the sloping isopycnals below the Pacific thermocline that are associated with these countercurrents, and Tsuchiya (1975) described them as steady features that are distinct from the surface intensified Northern or Southern Equatorial Countercurrents. Later they were described in the Atlantic by Cochrane et al. (1979) . Even though their structure is very similar in both oceans, these jets were given different names. In the Pacific they are called subsurface countercurrents (SCCs) or Tsuchiya jets, whereas in the Atlantic they are commonly referred to as the Northern and Southern Equatorial Undercurrent (NEUC and SEUC) . This different labeling often leads to confusion and especially the choice for the Atlantic is unfortunate since it suggests a dynamic similarity to the Equatorial Undercurrent. However, we will use this terminology for the remainder of this paper.
In the Pacific, Rowe et al. (2000) recently provided a review of the available observations related to the SCCs and analyzed an extensive set of hydrographic and Acoustic Doppler Current Profiler (ADCP) data. They found that the SSCs carry about 14 Sv (1 Sv ϵ 10 6 m 3 s Ϫ1 ) of water across the basin and that their core densities decrease as they shoal from 300-m depth in the west to 150-m depth in the cast. The main cores with maximum speeds of 0.4 m s Ϫ1 are located at approximately 4ЊS and 4ЊN in the western basin and they migrate poleward as they move east. Fewer observations are available in the Atlantic. At 30ЊW, Cochrane et al. (1979) find for the SEUC a transport of 15 Sv (based on three hydrographic sections in February and one section in August). On the other hand, Schott et al. (1998) determine the transport at 35ЊW to be 2 Sv (based on four ADCP sections, two in October, one in March, and one in June). These values are hard to reconcile and are probably due to the aliasing of the tropical wave field. Furthermore, Cochrane et al. (1979) face the problem of choosing a level of no motion, and the Schott et al. (1998) measurements of the SEUC are so close to the western boundary that one cannot exclude the possibility that energy from the North Brazil Current (NBC) influences the observations. A recently published dataset by Bourles et al. (2002) suggests that during summer the SEUC has a transport of approximately 4 Sv at 35Њ,2 3 Њ ,and 10ЊW. As in the Pacific, transport estimations for the NEUC are very difficult since the NEUC and the North Equatorial Countercurrent (NECC) are difficult to separate (Fig. 1) . The Bourles et al. (2002) observations show that the core of the SEUC is approximately at 4ЊS and has a maximum speed of 30 cm s Ϫ1 (during summer). Like its counterpart in the Pacific, the SEUC shoals on its way from west to east cross isopycnals, but the data are inconclusive on the poleward migration of the SEUC. Two different sections at 10ЊW show the SEUC core once at 4ЊS, once at 5.5ЊS. Since the Atlantic basin is much smaller than the Pacific basin, it is conceivable that the poleward migration of the SEUC is not even observable.
Similar to the observations, much more numerical and theoretical work has been done on the Pacific SCCs than VOLUME 34 JOURNAL OF PHYSICAL OCEANOGRAPHY FIG. 1. The zonal velocity across 23ЊW (Bourles et al. 2002 ; contour lines every 10 cm s Ϫ1 ). Yellow-red denotes eastward flow and greenblue denotes westward flow. The thick black lines indicate the depth of the isopycnals. Note the SEUC at 4ЊS and the NEUC at 5ЊN. on the Atlantic SEUC and NEUC. The work of Donohue et al. (2002) showed that an eddy-resolving numerical model of the Pacific ocean can reproduce the crossisopycnal shoaling of the SCCs but not the poleward migration of the cores. A detailed comparison for the respective jets in Atlantic has yet to be made, but currently the available database is not sufficient.
Even though the SCCs are reasonably well sampled and reproduced in numerical models, their dynamics is still not completely understood. Because their core is below the thermocline, it is commonly assumed that they cannot be directly wind-driven. McPhaden's (1984) analytical approach, which is based on McCreary's (1981) linear wave model, explains the SSCs as a balance between vertical diffusion of relative vorticity and advection of planetary vorticity. The limitation of this diffusive solution is that the SSC cores are not separate velocity maxima, but weak sidelobes of eastward velocities extending from the Equatorial Undercurrent (EUC). Johnson and Moore (1997) use a 1 and 1/2-layer model to explain the spatial structure of the SSCs as inertial jets. Because the flow conserves potential vorticity, the eastward shoaling of the equatorial thermocline is compensated by the poleward migration of the jets. While this theory explains the observed poleward migration of the core, it cannot account for the diapycnal processes that force the SSCs to rise across isopycnals. Furthermore, it requires a remote forcing mechanism, the nature of which is not addressed in their manuscript.
Like McPhaden (1984) , Marin et al. (2000) explain the SCCs as a locally forced phenomenon. They develop a two-dimensional model of the equatorial thermocline with a prescribed density structure to study the dynamics of the SSCs. It is found that, after adding a localized diapycnal forcing, a secondary circulation developes and the SSCs can be explained as the result of conservation of angular momentum. This theory can account for the observed shoaling of the SSCs across isopycnals and indicates that local ageostrophic processes may be important for the SSCs. The physics of the localized diapycnal forcing, however, has yet to be discussed. In two follow-up papers, the authors Marin et al. 2003) further develop the connection between JOCHUM AND MALANOTTE-RIZZOLI the SSCs and the conservation of angular momentum in a fully three-dimensional model, demonstrating that their theory is not simply an artifact of the two-dimensional model. They show that the strength of the SSCs depends on the properties of the water that is subducted in the subtropics and then feeds the equatorial thermocline. However, the physical process that provides the diapycnal forcing is left unexplained.
Based on the results of a hierachy of idealized numerical models, McCreary et al. (2002) explains the SSCs as being remotely forced by the Indonesian throughflow and upwelling along the eastern boundaries and in the interior. As such, the SSCs are an integral part of the interhemispheric circulation and local processes as required by McPhaden (1984) and Marin et al. (2000) are not important. This study furthermore suggests that the SSCs are geostrophic currents along arrested fronts. Such fronts are generated when Rossby wave characteristics, carrying the information of the eastern boundary, intersect in the interior ocean. Like the Johnson and Moore theory (1997) this theory focuses on remote forcing and is able to explain the poleward migration of the SSCs. McCreary et al. (2003) , however, provides a forcing mechanism for the SSCs: the upwelling along the eastern boundaries. In analogy with the Indonesian Throughflow in the Pacific, the SCCs's counterparts in the Atlantic (SEUC and NEUC) could be driven by the meridional overturning circulation (McCreary et al. 2003) . The appeal of the McCreary et al. (2003) theory lies in its analytical framework that predicts the structure of the SCCs, which is confirmed by the results of their layer models. Studies with primitive equation models, however, did not show any effect of the Indonesian Throughflow on the SCCs (T. Tozuka 2001, personal communication) or the meridional overturning circulation on the SEUC and NEUC (Jochum 2002) . This suggests that local forcing as suggested in McPhaden (1984) and Marin et al. (2000) may be at least as important as remote forcing. All of the theories described above explain aspects of the SCCs, but none of them is able to fully explain the jets. The present study gives further support to the idea that local forcing is important for the dynamics of at least the SEUC. It does not claim to provide a complete theory for the SEUC, but it explains the shoaling of the SEUC cores across isopycnals and gives evidence that the SEUC is at least in some parts the result of a balance between dissipation and diapycnal eddy fluxes. These eddy fluxes could be be the physical process that provide the diapycnal mixing required in Marin et al. (2000) . The potential importance of eddy fluxes has already been noted by Johnson and Moore (1997) , Rowe et al. (2000) , McCreary et al. (2003) , and N. Suginohara (2001, personal communication) but has yet to be explored in detail.
After the numerical model that is used in this study is explained in the next section, three pieces of evidence are provided that suggest that tropical instability waves (TIWs), at least partly, drive the SEUC. On their own, none of these three pieces are conclusive; but together they strongly suggest a connection between TIWs and the SEUC. Section 3 demonstrates that supressing the advection of momentum in the model removes simultaneously the TIWs and the SEUC. Section 4 shows that in the core of the SEUC dissipation is balanced by the Eliassen-Palm flux of the TIWs, and section 5 describes how the spatial structure of the TIWs is reflected in the location of the SEUC core. The last section provides a summary of the results.
The model configuration
The following model setup allows for the generation of the SEUC, but it was initially designed to study the generation of North Brazil Current rings (Jochum and Malanotte-Rizzoli 2003) . This explains some of the particular choices that were made for the resolution and the boundary conditions.
The model is based on the Modular Ocean Model 2b (MOM2b) code. The domain is an idealized basin from 25ЊSt o3 0 Њ Ni nlatitude and from 70ЊWt o1 5 Њ Ei n longitude, with a flat bottom at 3000 m. The resolution is ¼Њ by ¼Њ at the western boundary between the equator and 12ЊN, and becomes coarser toward the eastern, northern, and southern boundaries: the latitudinal resolution is reduced from ¼Њ to 1Њ at the meridional boundaries, and the longitudinal resolution is reduced from ¼Њ to 1.5Њ at the zonal boundaries (see Horizontal mixing is done by a Laplacian scheme with the eddy viscosity and diffusivity being linearly dependent on the resolution: from 200 m 2 s Ϫ1 for ¼Њ to 2000 m 2 s Ϫ1 for 1Њ resolution. In the vertical direction, a Richardson number-dependent vertical mixing scheme is used. Unstable temperature gradients are eliminated by mixing heat vertically to a depth that ensures a stable density gradient.
The initial condition is a state of rest. Salinity remains constant in time and space at a value of 35 psu. This choice simplifies the analysis and does not significantly distort the upper-layer circulation because in the tropical Atlantic, the observed temperature induced density gradients are much larger than the salinity induced density gradients (Philander 1990 ). The wind stress (Hellerman and Rosenstein 1983 ) is shown in Fig. 2 . The initial temperature distribution is symmetric about the equator and is essentially a zonally averaged, idealized climatology (as shown in Fig. 1 of Liu and Philander 1995) . This profile is also used at the surface to restore the surface temperature with a 40-day relaxation time. The experiment was integrated for 18 yr before any analysis was performed (because of the fast tropical adjustment and the initial stratification this a sufficient spinup time; see Liu and Philander 1995) .
The effect of the global Meridional Overturning Circulation (MOC) was represented by open boundary conditions (OBC). The working assumption is that the upper-layer circulation in the tropical Atlantic Ocean is the superposition of the purely wind-driven circulation and the return flow of the MOC (see Jochum and Malanotte-Rizzoli 2001 for a detailed discussion). It is known that OBC render ill posed the problem of solving the primitive equations (Oliger and Sundstrom 1978) . Nevertheless one can make progress if the errors that are introduced by the OBC are small enough and do not grow in time [see Spall and Robinson (1989) for a detailed discussion] . At the open boundaries, the temperature and the barotropic streamfunction are specified. Using geostrophy, the model then calculates the velocity field (Stevens 1990 ). The barotropic streamfunction and temperature at the open boundaries are taken from the steady-state solution of an experiment with closed boundaries and without a deep thermohaline circulation. To make sure that the effects of the artificial boundaries do not overly affect the interior solution, the basin for this experiment extended from 40ЊSt o4 0 Њ N.
To simulate the throughflow of the MOC return flow, the barotropic streamfunction is set to 0 at the western boundary and to 15 Sv at the eastern boundary, so that 15 Sv flow into the South Atlantic all along the southern boundary and leave the North Atlantic in the northwest corner through a western boundary current (see Fig. 3 ). These 15 Sv enter the domain across the southern boundary in the upper 1000 m of the water column; their exact spatial distribution depends on the specification of the temperature field at the southern boundary. The total inflow is roughly consistent with numbers from the literature (Schmitz and McCartney 1993) . We did not attempt to simulate a deep western boundary current because we wanted to focus on the upper-layer circulation. The experiment as it is described above will be referred to as Exp1. To isolate particular processes, two more experiments have been performed. They are identical to Exp1 except that the advection of momentum is removed (Exp2) or it is driven with steady winds (Exp3). Figure 4 reveals the eastward EUC at 1ЊS, flanked by the two westward branches of the South Equatorial Current (SEC). The deep lobes of the SEC and the offequatorial position of the EUC are explained by the downward and southward advection of momentum (Philander 1990) . At 5ЊS the SEUC can easily be identified as the isolated core of eastward velocity at 200-m depth. The core is here defined as local maximum of the zonal velocity in the y-z plane. The NEUC, like the Northern Subsurface Countercurrent (NSCC) in the Pacific, cannot be distinguished from the lower part of the NECC (at 4ЊN); therefore this work focuses on the SEUC. Since the SEUC rises across isotherms there is not a single best surface to display the horizontal structure of the SEUC. Here, the flow on the 17ЊC isotherm is chosen because it displays the three distinct regions of the SEUC (Fig. 5) : the flow west of 28ЊW is under the influence of western boundary recirculations, between 28Њ and 5ЊW the flow is parallel to the equator and thereafter it turns southeast. Between the EUC at 1ЊS and the SEUC is the westward SEC, and it appears that the EUC provides at least some water for the SEUC in the interior. This becomes clearer by studying the potential vorticity (PV) distribution [defined as Ϫ( f ϩ )T z ; Fig. 6 ], which shows a broad band of low-PV water between the equator and the core of the SEUC, similar to the observations in the Pacific (Rowe et al. 2000) . The model barotropic streamfunction ( part of the equatorial gyre and is directly forced by the wind as already suggested by Mayer et al. (1998) in a study based on XBT data. To verify this, Exp1 was repeated, omitting the nonlinear terms in the momentum equation. In both experiments, the interior flow south of 6ЊS is identical (cf. Figs. 5 and 7) . The main difference is that in the linear experiment the southeastward branch of the equatorial gyre is fed by the SEUC, whereas in the linear run it is fed by a broad EUC. Philander (1990) has already shown that the EUC in a linear solution is much broader than in a nonlinear solution because the poleward diffusion of momentum is no longer countered by equatorward advection of momentum in the thermocline. The comparison between the two experiments suggests that east of the western boundary regime, the SEUC is under two different dynamical regimes, only the western part requiring advection of momentum; in the east, the SEUC surfaces and feeds the directly wind-driven gyre. This eastward broadening of the SEUC is strikingly similar to the broadening of the SSCs in the study of McCreary et al. (2003) , which suggests that at least in the eastern domain the structure of the SEUC is determined by the arrested Rossby wave fronts (McCreary et al. 2003) . In the interior of the domain, however, the nonlinearities in the momentum equations lead to a sharpening of the SEUC, which requires further explanation. Even though the SEUC in the model is in geostrophic balance with a Rossby number of approximately 0.05, it vanishes as a separate jet upon supression of advection of momentum. This suggests that the meridional density gradient which drives the SEUC is determined by a nonlinear process. It is argued here that the TIWs are exactly this process. Like the separate SEUC core, they are absent in the linear experiment. Furthermore, they are most energetic near the equator and they are known to transport heat meridionally (Hansen and Paul 1984) . The remainder of this manuscript will be devoted to the study of the narrow SEUC core in the interior of the basin and its connection to the TIWs. A section of temperature and velocity along the core of the SEUC is shown in Fig. 8 . Overlying the SEUC is the core of the SEC and adjacent on the SEUC's western end is the NBC. It can be seen that, as in the observations, the core water of the SEUC becomes warmer as the SEUC penetrates east. However, as one would expect from a geostrophically balanced flow, the velocity vectors in Fig. 8 point along isotherms and not along isotachs. Thus, the water moves adiabatically as it enters the SEUC above the core, crosses the core and leaves it below the core.
The structure of the SEUC in the model
The surfacing of the SEUC at 5ЊW is consistent with the observations by Bourles et al. (2002) , which do not show a subsurface core of the SEUC at 0ЊW. At each longitude between 28Њ and 5ЊW, the SEUC in the model has a mean transport of approximately 2 Sv and a maximum zonal velocity of 12 cm s Ϫ1 , which is clearly lower than the observed values (4 Sv and 30 cm s Ϫ1 ; Bourles et al. 2002) . From these observations we estimate the Rossby number to be between 0.2 and 0.4. Figures 5-8, which all show aspects of the time-mean circulation, and the analysis of observations by Rowe et al. (2000) suggest that eddy fluxes are relevant to the maintenance of the SEUC. Further indication for the importance of eddies for the SEUC can be found in Fig.  9 . The figure shows that the narrow part of the SEUC is positioned at the poleward edge of a wave train. Interestingly, the broad southeastward flow and the narrow SEUC at 5ЊS separate at 25ЊW, much earlier than in the annual mean. At 5ЊW, this leads to two different cores, similar to those reported in the Pacific by Rowe et al. (2000) . In the Atlantic, there are unfortunately no interior ADCP sections beyond 6ЊS to confirm the existence of this secondary core. The early separation of the cores reinforces the idea that the SEUC may actually have two dynamically different forcing mechanisms. The southeastward flow that constitutes the secondary core closely resembles the results of McCreary et al. (2003) ; in fact, their SSSC is located farther away from the equator than the observed primary core, just as the present solution suggests. The northern core at 5ЊS, which is the focus of the present study, appears to be closely connected to the waves between the equator and 5ЊS. The next section will investigate the source and importance of these eddy fluxes.
Wave-zonal flow interaction
In our opinion, the theories that were outlined in the introduction are not sufficient to explain the structure of the SEUC. The observations by Rowe et al. (2000) and the present model results suggest that eddies or waves might be driving at least a part of the SEUC. Here it is shown quantitatively that eddy fluxes maintain the SEUC against dissipation. This section is based on an analysis of the quasigeostrophic (QG) equations. The low Rossby number in the model (0.05) clearly justifies their use to analyze the model results. The observed Rossby number (0.2-0.4) stretches the validity of the QG assumptions, but as demonstrated below, the QG equations are such a powerful tool that they should not be abandoned easily. While this section identifies the driving mechanism for the SEUC in the present model, we concede that in the ocean there might be other processes that are not represented in this model solution.
Waves can have two distinct effects on the mean flow: they accelerate the flow directly through the convergence of eddy momentum flux, and they change the isothermal slope through the flux of heat. It is difficult to estimate the relative contribution of these effects on the mean flow. Only for the case of a zonally averaged flow has it been possible to develop a framework for such a comparison. This framework is called the transformed Eulerian mean (TEM) equations, and it is discussed here to guide our understanding of eddy fluxes. For a more detailed discussion, the reader is referred to the original works by Eliassen and Palm (1961) and Andrews and McIntyre (1976) .
The main purpose of zonally averaging the equation of motion around a latitude circle is that the zonal pressure gradient and the mean advection of tracer and momentum vanish (by continuity has to vanish). The zonal derivatives of the eddy fluxes vanish as well. Within the QG framework, the vertical advection of momentum is neglected, yielding the following equation for the zonal momentum:
t y where u t is the acceleration of the zonal flow, f is the Coriolis force, a is the ageostrophic meridional velocity, F is the friction, and the primes denote the deviation from the zonal mean. The overbars indicate the zonal mean around a latitude circle. The resulting temperature equation is
where T is temperature, w is vertical velocity, and H is the heating. The zonal averaging reduces the continuity equation to
Equations (1) and (2) show that for the steady state and in the absence of friction and heating, the eddies will induce a meridional overturning circulation. To consider a more general case, w is rewritten as
Since the zonal averaging reduced the continuity equation to two dimensions, it is possible compute * from (3) and w*:
[ ] T z z Equation (1) can then be rewritten as
where * and w* are commonly referred to as residual mean velocities. The last two terms on the rhs constitute the divergence of the Eliassen-Palm flux and they quantify the acceleration of the zonal flow (u t ) by the eddies. This formulation makes it possible to compare the relative impact of dissipative, thermal and direct momentum forcing on the zonal flow. The application of this theory to the SEUC in the model is not straightforward because it is not reasonable in the ocean to average around a latitude circle. It is, however, possible to use the ideas of TEM if only a special area of the SEUC is analyzed. It is shown in the previous section that the SEUC, in the model and to a lesser extent in the observations, is in geostrophic balance and is driven by the meridional pressure gradient. Because the geostrophic equations are degenerate, only the next higher order of the equations of motion can explain the origin of the meridional pressure and density gradient: the QG equations (Pedlosky 1987) .
The first order balance for the zonal momentum is a uu ϩ u Ϫ f ϭ F Ϫ (ЈuЈ) Ϫ (uЈuЈ) . (7) x y y x
The difference from (1) is that the overbar denotes a time average rather than a zonal average and that the QG approximations have to be valid to separate between the zero-and first-order momentum balance. Crucial to the application of the TEM ideas is the reduction of the continuity equation to two dimensions and the smallness of the nonlinear terms (uu x , u y ). It turns out that these conditions are met in the interior along the core of the SEUC, the line of maximum velocity where u x and u y are both 0 (Fig. 8) . West of 28ЊW the flow is dominated by the western boundary regime and east of 10ЊW the flow starts to shift poleward and enters the Ekman layer (Figs. 5 and 8) . Between 28Њ and 10ЊW, however, the QG approximations hold because the Rossby number is approximately 0.05 and the ratio between the layer depth and its deviation approximately 0.1. In this area, along the core of the SEUC, u y has to be zero by definition. Because the core of the SEUC shoals toward the east, u x has to be zero as well (along the core). For example, at the western boundary at 150-m depth the zonal flow is westward but becomes larger (more eastward) farther east (Fig. 8) . The zonal flow continues to become larger farther east, vanishes at approximately 27ЊW and becomes maximal at 15ЊW, at the core of the SEUC. Further east the zonal flow becomes weaker again. Therefore, u x has to be zero right at the core. This important fact, that u x is 0 at the core, is not a general law; but it happens to be true for the SEUC, because the SEUC shoals on its way to the east. If the core depth would not change, u x ϭ 0 would not be true all along the core but only at one or more points along the core. Figure  10 and Fig. 12 (later in the text) provide a verification for our reasoning from the model results.
After these preparations we can now exploit the special properties of the SEUC core to discuss the connection between the Eliassen-Palm flux and the SEUC. Since along the SEUC core u x and u y are 0, (3) remains unchanged apart from replacing the zonal average by a temporal average. Equation (7) reduces to
y x W ith K (Fig. 11) , the temperature bal-(uЈTЈ)( Ј T Ј )
x y ance becomes The main reason for looking only at the flow along the line of maximum velocity is that it is now possible to use (3) to determine the meridional residual circulation (like in TEM) as
[ ]
T z z
The equation for the zonal momentum [(8)] can now be rewritten as
[ ] T z z k z u zz and k y u yy , the vertical and horizontal dissipation, are the components of F. With this equation it is now possible to determine the relative importance of eddy heat flux, eddy momentum flux, and dissipation in the core of the SEUC: The effect of the eddy heat flux dominates the convergence of eddy momentum flux; the meridional and vertical viscosity are of equal importance (Fig. 12) . Between the western boundary regime west of 28ЊW and the Ekman regime east of 10ЊW, the eddy fluxes are balanced by friction (Fig. 13) , and the residual is supporting a weak meridional circulation * of the order of 10 Ϫ4 ms Ϫ 1 . By computing the geostrophic velocity via the pressure gradient it is in principle possible to arrive at an independent estimate of the ageostrophic velocity a and the residual *. However, the rigid-lid formulation of the model does not require and calculate the sea surface height necessary for this calculation. It is possible to recover the surface pressure from the equation of motion, but to do this, the very eddy fluxes that were just evaluated would have to be used. Therefore, without the surface pressure there is no independent way to calculate the ageostrophic velocity.
The analysis of the first-order momentum equation along the core of the SEUC demonstrates that between 28Њ and 10ЊW the SEUC is maintained against dissipation by the convergence of the Eliasen-Palm flux. The next section discusses the source of these fluxes.
Tropical instability waves
The analysis in the previous section shows that the SEUC is maintained against friction by the eddy heat fluxes which steepen the slope of the isotherms. The remaining problem is to determine the source of these eddy fluxes. The comparison of Exp1 with Exp3 (steady wind) shows that the time mean of the SEUC is the same in both cases (not shown). This suggests that the seasonal Rossby waves are not driving the SEUC. This, and the absence of the SEUC in the linear experiment suggests that the waves which drive the SEUC are generated by instabilities. Therefore the SEUC has to break down after the nonlinear terms in the model are switched off. A decay time can be estimated from a simple scaling argument, with VOLUME 34 JOURNAL OF PHYSICAL OCEANOGRAPHY FIG. 12. The contribution of the different terms in (12) to the zonal momentum budget (along the core of the SEUC; 10 Ϫ9 ms Ϫ 2 ). The red line shows the contribution of the eddy heat flux, the purple line is the sum of the two eddy momentum flux convergence terms, the dark blue line is the effect of vertical viscosity, and the light blue line shows the effect of meridional viscosity. The black line shows the contribution of mean momentum advection. Theoretically its value should be exactly 0 along the core (see text); its slight deviation from 0 is due to the numerical differencing and the inaccuracies in the algorithm that determines the exact location of the jet core. Fig. 11 , but for the sum of eddy flux contribution (broken line), the friction (dotted line), and the sum of friction and eddy flux contribution (solid line).
FIG. 13. As in
JOCHUM AND MALANOTTE-RIZZOLI FIG. 14. Low-pass-filtered zonal velocity at 25ЊW in the core of the SEUC (cm s Ϫ1 ). The nonlinear terms were switched off after year 4. Note that the velocity is the sum of the SEUC mean, the instantaneous zonal flow of the instability waves, and the seasonal Rossby waves. Figure  14 shows the zonal velocity at the core of the SEUC at 25ЊW, and as predicted by the scale analysis, the SEUC decays within a year after the nonlinear terms are switched off. The instability theories are based on QG scaling and break down close to the equator, but McCreary and Yu (1992) , Yu et al. (1995) , Masima and Philander (1999), and Jochum et al. (2003) studied the development of instabilities in the equatorial waveguide with numerical models. They show that instabilities develop along the regions of strong shear between the SEC and EUC. The resulting waves compare well to the observations (e.g., Legeckis 1977) and are commonly referred to as Legeckis waves or TIWs. Figure 15 shows a snapshot of the TIWs in this model. Their zonal wavelength is approximately 1100 km and their period is approximately 1 month, which is close to the observations by Weisberg et al. (1979) who found at 5ЊW waves with a wavelength of 1220 km and a period of 31 days. Comparison with Weisberg and Weingartner (1988) and Weisberg and Horigan (1981) suggests, however, that the TIWs in the present model are too weak by approximately 20%.
Apart from the results of the linear and the steadywind experiments, further evidence for the TIWs driving the SEUC can be found in the structure of the TIWs.
The latitude-depth structure of these TIWs can be seen in Fig. 16 , which shows the first EOF of the meridional velocity at 25ЊW; the corresponding time series is shown in Fig. 17 . Figure 16 demonstrates that along the depth range of the SEUC and the NEUC, the latitudes of the SEUC and NEUC cores coincide with the latitudes of the off-equatorial extrema of the TIWs. Moreover, the longitude-depth structure of the TIWs demonstrates that the maxima of the meridional velocity of the TIWs aligns with the core of the SEUC (Fig. 18) . This is consistent with a more idealized study by Proehl (1990) who shows that equatorial wave-mean flow interaction creates off-equatorial maxima of Eliassen-Palm flux convergence.
The absence of the SEUC in the linear experiment, the insensitivity of the mean SEUC to the existence of a seasonal cycle, and the particular location of the amplitude maxima of the TIWs leads us to the conclusion that the wave energy that drives the SEUC is provided by the TIWs. Thus, it is the particular structure of the TIWs that leads to maxima in the convergence of the Eliassen-Palm flux at approximately 5ЊS and 4ЊN, thereby determining the position of the SEUC. The diapycnal structure of the core of the SEUC can then be explained by the westward and downward propagation of the TIWs; water does not move across isopycnals along the core of the SEUC from west to east-instead it is locally provided by the TIWs and has a strong oscillatory meridional velocity component. At first sight this connection between the TIWs and the SEUC is counterintuitive, because the TIWs are thought be generated slightly north of the equator in the eastern part of the basin (Chelton et al. 2000) . However, we find in our study that the instabilities that are excited in the mixed layer project on equatorially symmetric Rossby and Yanai waves, which radiate energy eastward and westward away from the source of the instabilities. This is in agreement with findings by Masina et al. (1999) for the Pacific Ocean.
Summary and discussion
A numerical simulation of the tropical Atlantic Ocean is used to investigate the relevance of eddy fluxes for the SEUC. The study focuses on the SEUC dynamics away from the NBC recirculations (east of 28ЊW) and west of 10ЊW where the SEUC core enters the Ekman and the mixed layer. In this area the SEUC in the model (and to a lesser degree in the observations) is in geostrophic balance and the flow is to the lowest order along isopycnals. On the lighter isopycnals, the flow is not connected to the western boundary (Fig. 8) ; therefore some of the SEUC water has to be provided by another source-the EUC (Fig. 6) .
The flow in the present study looks similar to the results of McCreary et al. (2003) , which explains the SEUC as the result of arrested Rossby wave fronts. However, the present study suggests that in addition to the McCreary et al. (2003) mechanism, there is a second mechanism that can drive the SEUC: the Eliassen-Palm flux of the TIWs. Three pieces of evidence for this theory are presented. First, after removal of the advection of momentum in the model equations, the TIWs as well as the well-defined core of the SEUC vanish. Second, a quantitative analysis of the zonal momentum equation along the core of the SEUC shows that the SEUC is maintained against dissipation by the convergence of the wave-induced Eliassen-Palm flux. Last, the position of the off-equatorial extrema of the TIWs coincides with the location of the SEUC. Our understanding of the present results is that the meridional heat flux that is associated with the TIWs steepens the isopycnals and thereby generates a geostrophically balanced flow, which is limited by dissipation. We furthermore suspect that this interplay between dissipation and eddy fluxes is the physical process behind the the secondary circulation introduced ad hoc by Marin et al. (2000) . However, a detailed comparison between their assumptions and our model results is beyond the scope of this study.
An obvious limitation of the present study is that the modeled SEUC is only one-half as strong as the observed SEUC. The authors are not aware of any model study that represents the Atlantic or the Pacific SSC adequately. However, this very fact and the present result offer a simple explanation. The SEUC strength depends on TIW strength and viscosity. Furthermore, the TIWs have to have the right structure to generate the Eliassen-Palm flux convergence in the right location. Since the meridional viscosity in eddy-resolving models has no physical but only a numerical justification, the dissipation in the model is certainly too high, which would make the TIWs in the model too weak and the SSCs even more so. Friction in the ocean has been and still is very difficult to observe, which makes this part of our theory difficult to verify or disprove. Therefore, our future research will focus on the structure of the TIWs. Linear planetary waves do not generate a net meridional heat flux, the TIWs do. How can we explain the particular structure of the TIWs and how sensitive is it to external forcing?
In the present work we focused for obvious reasons on the SEUC. The similar structure of NEUC and the SCCs suggests that the Eliassen-Palm flux of the TIW is important for them as well. This conjecture, however, demands verification.
